The mixing behavior of two fluids in a passive micromixer with a Y-type inlet and helical fluid channels with herringbone grooves etched into the bottom was studied in a numerical simulation and experiments. The mixing of the pure water and acetone solution prepared with different Reynolds numbers and acetone concentrations was investigated. An image inspection method using the variance in contrast of the image gray level as the measurement parameter was adopted to calculate the mixing efficiency distribution. Inspection results show that the mixing efficiency decreased with the increase in the concentration of the acetone solution, although the mixing efficiency around the outlet reached to a value of 90%, even when the Reynolds numbers of the fluids were as low as Re = 1, and the best efficiency achieved for the case of Re = 10 was over 98%. The results show that it should be possible to apply the proposed micromixer in the field of biomedical diagnosis.
Introduction
There are two key issues that are usually of concern in micromixer development, a simple system design that will ensure high mixing efficiency and effective techniques for examining mixing efficiency [1] . It is known that the flows inside the microchannels are predominantly laminar and the Reynolds numbers are usually lower than 10. The mixing of fluids in the microchannels is not easy with mechanical stirring methods, because of size limitations and fabrication difficulties [2] . In general, most traditional micromixers have been constructed with straight fluid channels combined with the design of fillisters and/or fold paths to enhance the mixing effect [3] . However, a straight channel design needs to be longer in order to achieve the goal of uniform mixing. The problems of mixer size and full-field inspection always have to be considered in mixer design.
In this study, a novel passive micromixer with a Y-type inlet [4] and helical fluid channel is presented. In comparison with the active micromixers, the passive micromixers do not require any moving parts [5] , since the mixing is obtained from the natural movement of the fluids as they flow through the fluid channel of the mixer. The bends in the channel design cause the fluid to deform so that uniform mixing can be achieved within a shorter mixing path. A convoluted design can greatly reduce the mixer size [6] . Four arrangements of herringbone grooves on the mixing plate were designed and compared with each other [7] . The grooved surfaces can enhance the transverse components of flows in the mixer so that better mixing can be expected [8] .
The mixing of a pure water and acetone solution in this type of mixer, using flows with Reynolds numbers of 1-10 and acetone concentrations of 0-50%, were investigated. An image inspection method based on the variance of the image gray level contrast as the measurement parameter was utilized to determine the mixing efficiency distribution in the mixer. The steady and laminar flow fields inside the micromixer were simulated numerically with a finite volume discretization technique. After numerical integration over the chamber depth, the numerical predictions could be directly compared with the experimental measurements.
Design and Fabrication
A helical channel micromixer is joined with two PMMA plates, a transparent cover plate and a mixing plate, as a device support, as shown in Fig. 1(a) . The mixing layer includes inlets, outlet and microchannels which are carved into the mixing plate. Fig. 1 (b) and Fig. 1(c) show a schematic representation of the geometry and image of the mixinglayer, respectively. As shown, a 90° Y-type inlet is adopted for input of the mixing fluids and the traditional straight fluid channel was modified to be helical in shape. The width and depth of the helical channel were 200 µm and 100 µm, respectively. Ten herringbone grooves were created on the bottom of the mixing plate, with widths and depths of 80 µm and 25 µm, respectively. The length of the shorter leg of the herringbone was 70µm, and the longer leg was 130 µm. Four types of herringbone arrangements were designed, as shown in Fig. 2 . Fig. 2 (a) shows the mixer design with the arrow tips of the herringbone grooves pointing toward the inlet, and the long and short legs located on same side. Fig. 2 (b) shows a mixer with the tips of the herringbone grooves also pointing toward the inlet, but the long and short legs placed alternately. Fig. 2 (c) and 2(d) show mixers with the tips pointing outward from the inlet and oriented along the fluid channel. The long and short legs are identically and alternately placed, respectively. Four locations in the mixer were chosen for inspection of the mixing effect, including three cross sections of the fluid channel and the outlet of the mixer chamber. For section 1 apart from the junction of the two fluids, l 1 = 0.65mm; for section 2 l 2 = 1.75mm; and for section 3 l 3 = 2.55mm. The outlet is circular with a diameter of 0.2mm, and the distance to the junction is l 4 = 2.95 mm, as shown in Fig. 1 The mixer was fabricated with a micromachining system. The MEMs process eliminates the needs of high fabrication cost. The micromachining system consists of a high precision X-Y-Z table equipped with a three-axis controller, a high-speed spindle (NSK-400) managed by a motor controller, and two CCD cameras, and is capable of performing high-speed drilling, milling and cutting operation with real-time monitoring capability. One CCD camera of the micromachining system was employed to serve a real-time monitoring purpose, while the other one was used to ensure the correct tool orientation and perform position calibration. 
Mixing Efficiency Evaluation Algorithm
Here an image inspection method using the variance in contrast of the image gray level as the measurement parameter is adopted. The boundary of the range to be evaluated in a picture can be obtained in advance by using an image processing technique, and the instant normalized relative gray level E ij at pixel (i, j) is defined as [9] 
where a ij and a pq are the image gray level at pixels (i, j) and (p, q), respectively; M is 1 for pixels located inside the evaluated range, and 0 external to it; M ij and M pq are the M values at pixels (i, j) and is the mean mixing efficiency around the circumference of a circle with radius r; E rθ is the normalized relative gray level at a pixel with image coordinate (r, θ); and R is the radius of the outlet.
Numerical Method
Two fluids, pure water and an acetone solution, were adopted for the mixing experiments. The governing equations describing the mixing process inside the mixer obtained by solving the continuity, momentum, and concentration with a finite volume discretization technique are as follows: 
2098 Innovation for Applied Science and Technology 0 < c < 1 for cells filled by both fluids. The computer simulation of the mixing behavior was performed with a commercial package, named Ansys CFD. Multi-block structured grids with 75,000 -142,000 cells were used to descretize the computational domain inside the micromixer, as shown in Fig. 3 .
Experimental System
The measurement system included a supply system and an inspection system, as shown in Fig. 4 . The two fluids were separately injected into the channels through two inlets at a constant flow rate. Flow rates ranging from 0.1 µl/s -1.0 µl/s were applied in the experiments. The related Reynolds numbers for the water were 1 -10, respectively. Both channels were identical. The mixing processes were recorded using a high-resolution digital camera (IDT XS-3) with a resolution of 512×512 pixels and a 24-bit color level. The image acquisition speed was 665 frames per second (fps). The field of view was 1.3 mm × 1.1 mm, so that the image resolution was roughly 2 µm/pixel. Fig. 3 The multi-block structured grids. Fig. 4 Schematic of the measurement system.
Results and Discusstion
As mentioned above, the mixing of a pure water and acetone solution with streams with Reynolds numbers as low as 1-10 was investigated. The characteristic Reynolds number of fluids is defined as Re = ρv(4R h ) /µ [10] , where v is the fluid velocity at the inlet, and R h is the hydraulic radius of the duct. The concentration of acetone (ψ) is within a range ofψ= 0 -0.5. For the purpose of better observation, the pure water was mixed with red dye and the acetone solution was mixed with blue dye. The physical properties of these two fluids are shown in Table 1 . The simulation results show that the best mixing was obtained in mixer A, so the simulation and experimental results for the mixing status in mixer A were compared. The fluid Reynolds numbers were Re = 1, Re = 5, and Re = 10. Fig. 5 (a) and 5(b) show full-field mixing images obtained from the numerical simulations and experiments, respectively. Again, an acetone concentration of 0.5 was adopted. The related calculated mixing efficiencies at the four inspected locations are shown in Fig. 6 . As can be seen, the overall mixing efficiency from the numerical simulation tends to agree with the experimental measurements. The measured efficiency in the fluid channel is a little higher than the simulation results but the final mixing efficiency around the outlet is almost the same for both cases. The mean mixing efficiency obtained around the outlet is usually over 90% even for fluids with Reynolds numbers as low as Re = 1 while the highest mixing efficiency reaches a value of 98% in the case of Re = 10. Since uniform mixing can be achieved with a very short mixing path, the mixer size can be effectively reduced. The results provide a valuable reference to the research work for the design of micromixers. Experiments were also carried out to observe the influence of variations in acetone concentration on the mixing efficiency. Fig. 7 shows the overall mixing efficiency distributions for the mixing of pure water with several different acetone concentrations including 0.1, 0.3, and 0.5 at Re = 1 and Re = 10, respectively. The experimental results showed no obvious change in the mixing efficiency caused by the variation in the acetone concentration. 
Conclusions
A novel passive micromixer with a Y-type inlet, helical channel, and four arrangements of herringbone grooves was designed and the related mixing effects studied. These mixers were fabricated with a self-developed micromachining system, making them easy to implement at low cost. Pure water and acetone solutions were used to investigate the mixing efficiency of fluids with low Reynolds numbers. The mixing processes were numerically simulated using a commercial package. The inspection results show that the helical fluid channel design and the grooved surfaces can greatly increase the contact area of the mixing fluids and enhance the mixing effect. The numerical predictions of mixing efficiency agreed with those obtained from the experimental measurements. The best mixing was found in the case where the tips of the herringbone grooves pointed toward the inlet. In addition, the adoption of the helical channel design can reduce the size of the micromixer. This means that a more compact microfluid device compared to the traditional straight channel mixers can be expected.
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